In the present study, we report that a mouse model lacking the electrogenic Na ϩ -HCO 3 Ϫ cotransporter [NBCe2/Slc4a5; NBCe2 knockout (KO) mice] developed dRTA after an oral acid challenge. NBCe2 expression was identified in the connecting tubule (CNT) of wild-type mice, and its expression was significantly increased after acid loading. NBCe2 KO mice did not have dRTA when on a standard mouse diet. However, after acid loading, NBCe2 KO mice exhibited complete features of dRTA, characterized by insufficient urinary acidification, hyperchloremic hypokalemic metabolic acidosis, and hypercalciuria. Additional experiments showed that NBCe2 KO mice had decreased luminal transepithelial potential in the CNT, as revealed by micropuncture. Further immunofluorescence and Western blot experiments found that NBCe2 KO mice had increased expression of H ϩ -ATPase B1 in the plasma membrane. These results showed that NBCe2 KO mice with acid loading developed increased urinary K ϩ and Ca 2ϩ wasting due to decreased luminal transepithelial potential in the CNT. NBCe2 KO mice compensated to maintain systemic pH by increasing H ϩ -ATPase in the plasma membrane.
In the present study, we report that a mouse model lacking the electrogenic Na ϩ -HCO 3 Ϫ cotransporter [NBCe2/Slc4a5; NBCe2 knockout (KO) mice] developed dRTA after an oral acid challenge. NBCe2 expression was identified in the connecting tubule (CNT) of wild-type mice, and its expression was significantly increased after acid loading. NBCe2 KO mice did not have dRTA when on a standard mouse diet. However, after acid loading, NBCe2 KO mice exhibited complete features of dRTA, characterized by insufficient urinary acidification, hyperchloremic hypokalemic metabolic acidosis, and hypercalciuria. Additional experiments showed that NBCe2 KO mice had decreased luminal transepithelial potential in the CNT, as revealed by micropuncture. Further immunofluorescence and Western blot experiments found that NBCe2 KO mice had increased expression of H ϩ -ATPase B1 in the plasma membrane. These results showed that NBCe2 KO mice with acid loading developed increased urinary K ϩ and Ca 2ϩ wasting due to decreased luminal transepithelial potential in the CNT. NBCe2 KO mice compensated to maintain systemic pH by increasing H ϩ -ATPase in the plasma membrane. Therefore, defects in NBCe2 can cause dRTA, and NBCe2 has an important role to regulate urinary acidification and the transport of K ϩ and Ca 2ϩ in the distal nephron.
electrogenic Na ϩ -HCO 3 Ϫ cotransporter; distal renal tubular acidosis; connecting tubule A TYPICAL WESTERN DIET generates an acid load, which must be excreted by the kidney. To maintain acid/base homeostasis, the kidney tubules reabsorb HCO 3 Ϫ and secrete H ϩ to generate acidic urine (pH Ͻ 6). Excretion of the ingested acid load and reabsorption of filtered HCO 3 Ϫ are accomplished by complex processes requiring coordinated actions of transporters and enzymes in the kidney tubules. Deficiency in these transporters or enzymes may cause renal tubular acidosis (RTA).
Distal RTA (dRTA) is the classical form of RTA and was the first described. Classical features of dRTA include an inability to acidify urine, hyperchloremic metabolic acidosis, hypokalemia, and hypercalciuria. To date, mutations in three genes affecting two transporters of type A intercalated cells in the collecting duct have been identified in patients with dRTA: solute carrier (SLC)4A1, encoding Cl Ϫ /HCO 3 Ϫ exchanger 1 (22) , ATP6V1B1, encoding the B1 subunit of H ϩ -ATPase (21) , and ATP6V0A4, encoding the a4 subunit of H ϩ -ATPase (36) . Genetic ablation of the above three proteins in mice also produce phenotypes that resemble some of the features in human dRTA (12, 17, 29, 30, 36) . Other studies have shown that mice lacking K ϩ -Cl Ϫ cotransporter 4 (encoded by Slc4a7) and forkhead box protein I1 (encoded by Foxi1) have similar features of dRTA (3, 4) , suggesting that other distal tubule transporters also play important roles in acid/base regulation. Although hypokalemia has been reported in mice disrupted for the B1 subunit of H ϩ -ATPase (16), none of these mouse models of dRTA reported demonstrate both hypokalemia and hypercalciuria, which are typically observed in patients.
The proximal tubule is responsible for recapturing the majority of filtered HCO 3 Ϫ (6, 27). However, the acid/base transporters of the distal nephron, including the connecting tubule (CNT), cortical collecting ducts (CCDs), and medullary collecting ducts (MCDs), respond to variations in acid intake to maintain plasma pH within the normal range of 7.3-7.4 (13) . H ϩ -ATPase, which resides in intercalated cells of the CCD and MCD, has been the most studied and predominant transporter responsible for extruding an acid load in these distal segments (28) . However, there is less information on the acid/base regulation of the CNT, which plays an important role in acid/base regulation (26, 38) and is the most important site for regulated renal K ϩ secretion and Ca 2ϩ reabsorption (5, 14) . It is possible that deficiency of the transporter(s) in the CNT causes RTA, in association with increased urinary K ϩ and Ca 2ϩ excretion. The electrogenic Na ϩ -HCO 3 Ϫ cotransporter (NBCe2, also referred as NBC4) is encoded by the SLC4A5 gene. It is notable that members of the SLC4 family, as recently reviewed (9, 10, 32, 34) , are involved in dRTA. Recent studies have suggested that NBCe2 expresses in the distal nephron and is involved in acid/base regulation in the renal distal tubule (11, 15) . In the present study, we identified NBCe2 in the CNT. After acid loading, mice without NBCe2 developed deficient urinary acidification, hyperchloremic metabolic acidosis, hypokalemia, hyperkaliuria, and hypercalciuria. Thus, a deficiency in NBCe2 results in all manifestations of dRTA.
MATERIALS AND METHODS
Animal experiments. Wild-type (WT) mice (C57BL/6) were purchased from Charles River (Wilmington, MA). NBCe2 knockout (KO) mice (129) were generated as previously described (15) . NBCe2 KO mice were backcrossed to C57Bl/6 mice for at least six generations using marker-assisted speed congenics. All mice were maintained in accordance with the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center. For all experiments, mice (12-20 wk old) had full access to water and were fed with standard rodent diet (TD.7012, Harlan Laboratories, Indianapolis, IN). For acid loading experiments, 1.5% NH 4Cl (280 mM) and 1% sucrose were added in the drinking water (12, 44) ϩ concentration ϫ plasma osmolality/plasma K ϩ concentration ϫ urine osmolality, where both urine and plasma K ϩ concentrations were measured by flame photometry, as previously described (41) . Urine titratable acid (TA) and net acid (NA) concentrations were determined as previously described (8) . Briefly, equal volumes (0.1 ml) of urine and 0.1 N HCl were mixed and boiled for 2 min to drive out all CO 2. After being cooled to 37°C for 10 min, the mix was titrated with 0.1 N NaOH to pH 7.4. The blank (distilled water) was treated in an identical fashion. The concentration of TA was calculated as the difference in volumes of NaOH required to titrate the sample and blank multiplied by the normality of NaOH times 1,000, yielding the concentration of TA (in mM). The above samples were then added to 0.1 ml of 8% formaldehyde and titrated back to pH 7.4 with 0.1 N NaOH. The concentration of NA was calculated as the difference in volumes of NaOH required to titrate the sample and blank multiplied by the normality of NaOH times 1,000, giving the concentration of NA (in mM).
CNT isolation and RT-PCR. The CNT was isolated in mice kidneys as previously described (19, 41) . Briefly, kidneys were cut into coronal slices of 2-3 mm thickness and then transferred rapidly into ice-cold standard solution [containing (in mM) 150 NaCl, 5 KCl, 1 CaCl 2, 2 MgCl2, 5 glucose, and 10 HEPES]. CNT fragments were selected under a stereomicroscope for RT-PCR. RNA was isolated using the TRIzol method (Invitrogen, Grand Island, NY) as previously described (45) . Reverse transcription was performed using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). Conventional and real-time RT-PCR were performed using the Taq PCR Master Mix Kit (Qiagen, Valencia, CA) and iQ SYBR green supermix (Bio-Rad, Hercules, CA), respectively. The primers used were as follows: NBCe2, 5=-TCTGACTCCTCCATCAGTGG-3= and 5=-CCGTGAGTAGCTGAAAGCAG-3=; and ␤-actin, 5=-GGCTG-TATTCCCCTCCATCG-3= and 5=-CCAGTTGGTAACAATGC-CATGT-3=. Data were analyzed using the 2
Ϫ⌬⌬Ct method (where Ct is threshold cycle).
Plasma membrane protein isolation and Western blot analysis. The plasma membrane fraction of the kidney cortex was isolated using the Minute Plasma Membrane Protein Isolation Kit (Invent Biotechnologies, Eden Prairie, MN) according to the manufacturer's instructions. The quality of the plasma membrane isolation was verified as de- scribed in our previous study (44) . Western blot analysis was performed as previously described by our laboratory (44) . The primary antibodies were anti-NBCe2 antibody (custom rabbit polyclonal antibody targeted against the mouse COOH-terminus: MEGIPSD-PQNGIHC, diluted 1:500, Bethyl Laboratories, Montgomery, TX), anti-H ϩ -ATPase B1 (goat polyclonal, diluted 1:200, Santa Cruz Biotechnology, Dallas, TX), and anti-cadherin (goat polyclonal, diluted 1:500, Santa Cruz Biotechnology) with goat anti-rabbit IgG or donkey anti-goat IgG conjugated to horseradish peroxidase (diluted 1:10,000-1:20,000, Santa Cruz Biotechnology). Expression of proteins was quantified by densitometry using Quantity One (Bio-Rad).
Immunohistochemistry. Fluorescent IHC analysis of kidney sections was performed as previously described (44) . The antibody used was as follows: anti-H ϩ -ATPase B1 (goat polyclonal, diluted 1:200, Santa Cruz Biotechnology). After being washed, the tissue was incubated for 1 h (23°C) in the dark with secondary antibody (donkey anti-goat IgG conjugated to Alexa fluor594, diluted 1:200, Invitrogen).
Micropuncture and transepithelial potential measurement. Micropuncture of mouse kidney tubules was performed as previously described (39) . Briefly, mice were anesthetized with ketaminexylazine, and the left kidney was placed in a Lucite cup. After surgery, a modified saline solution (140 mM NaCl, 5 mM KHCO3, and 2% mannitol) was infused through the left jugular vein at a rate of 1.2 ml·h Ϫ1 ·100 g body wt Ϫ1 . Proximal and distal tubules were identified by injection of 1% fast green. Fine tip microelectrodes were placed in the lumen of the tubule. A reference electrode was placed on the surface near the luminal microelectrode. Voltage was recorded using a high-impedance electrometer (model FD223, World Precision Instruments, Hamden, CT), and data were analyzed using Clampex software (Axon Instruments, Sunnyvale, CA).
Statistical analyses. Data shown in figures represent means Ϯ SE. Significant differences between each group were determined by Student's t-test or ANOVA. P values of Ͻ0.05 were considered significant. Figure 1 shows transcript and protein expression of NBCe2 in the CNT. Expression of NBCe2 mRNA was identified in the mouse kidney and, more specifically, in the CNT using conventional RT-PCR, as revealed by a product of 96 bp with DNA gel electrophoresis (Fig. 1A) . Real-time RT-PCR further showed that expression of NBCe2 mRNA in the CNT was significantly increased in mice with acid loading (280 mM NH 4 Cl in drinking water) compared with those on a standard diet (Fig. 1B) . Western blot analysis also identified NBCe2 protein expression (ϳ120 kDa) in plasma membranes of the kidney cortex of WT but not NBCe2 KO mice. These results are consistent with the previous description of NBCe2 KO mice, where mass spectrometry was used to demonstrate the loss of NBCe2 protein (15) . However, we observed other nonspecific bands, demonstrating that the antibody used may not be completely specific under Western blot conditions (Fig. 1C) . Additional experiments found that expression of NBCe2 protein was significantly increased in plasma membranes of the kidney cortex in acid-loaded WT mice (Fig. 1D) .
RESULTS

Upregulation of NBCe2 in the CNT and kidney cortex with acid loading.
NBCe2 KO mice exhibit renal tubular hyperchloremic metabolic acidosis. When WT and NBCe2 KO mice were given a standard diet (Table 1) , arterial blood gas analysis revealed no significant differences in plasma pH, HCO 3 Ϫ concentration, total CO 2 , base excess, Cl Ϫ concentration, and urine pH. When both WT and NBCe2 KO mice were acid loaded, NBCe2 KO mice had significantly lower plasma pH, HCO 3 Ϫ concentration, total CO 2 , and base excess, whereas plasma Cl Ϫ concentration and urine pH were higher. Additional analysis found that urinary titratable acid excretion (WT mice on standard diet: ·g kidney wt Ϫ1 , n ϭ 10, P Ͻ 0.001) were both significantly lower in NBCe2 KO mice compared with WT mice (Fig. 2) . These results reveal that NBCe2 KO mice with acid loading had a urinary acidification impairment and developed renal tubular hyperchloremic metabolic acidosis.
NBCe2 KO mice exhibit hyperkaliuric hypokalemia and hypercalciuria with acid loading. As shown in Fig. 3, A-D ·g kidney wt Ϫ1 , n ϭ 9, P ϭ 0.024), TTKG (WT mice: 5.2 Ϯ 0.2, n ϭ 11, vs. NBCe2 KO mice: 6.3 Ϯ 0.3, n ϭ 9, P ϭ 0.009), and urinary Ca 2ϩ excretion (WT mice: 59.8 Ϯ 6.9 mol·day Ϫ1 ·g kidney wt Ϫ1 , n ϭ 10, vs. NBCe2 KO mice: 102.9 Ϯ 11.8 mol·day Ϫ1 ·g kidney wt Ϫ1 , n ϭ 8, P ϭ 0.03) compared with WT mice. These results reveal that acid-loaded NBCe2 KO mice developed hyperkaliuric hypokalemia and hypercalciuria. There was no significant Ca 2ϩ deposition within the kidney (nephrocalcinosis) in both WT and NBCe2 KO mice with acid loading, as examined by Von Kossa staining (Fig. 3E) .
Acid-loaded NBCe2 KO mice exhibit decreased luminal transepithelial potential in the CNT. Micropuncture was used to assess transepithelial potential (V te ) of the late distal tubules in vivo. The average length for late distal tubule measurements, from the site of micropuncture to entry into the CCD, was 158.6 Ϯ 18.0 m (n ϭ 7). This distance places the late distal tubule measurements at the CNT, as previously described (27) . As shown in Fig. 4 , V te was significantly lower in NBCe2 KO mice with both standard diet and acid loading compared with WT mice (WT mice on standard diet: Ϫ11.0 Ϯ 0.6 mV, n ϭ 3, vs. NBCe2 KO mice on standard diet: Ϫ12.9 Ϯ 0.6 mV, n ϭ 3, P ϭ 0.012; WT mice with acid loading: Ϫ0.6 Ϯ 0.2, n ϭ 5, vs. NBCe2 KO mice with acid loading: Ϫ3.1 Ϯ 0.3 mV, n ϭ 4, P Ͻ 0.001). These results are consistent with the K ϩ and Ca 2ϩ wasting found in NBCe2-KO mice.
H ϩ -ATPase B1 in acid-loaded NBCe2 KO mice. IHC showed that H ϩ -ATPase B1 expression in WT mice with acid loading was mostly distributed in the cytoplasm, whereas it was restricted to the apical membrane in NBCe2 KO mice with acid loading (Fig. 5A) . Western blot analysis also revealed that plasma membrane H ϩ -ATPase B1 expression was significantly increased in the kidney cortex of NBCe2 KO mice with acid water compared with WT mice (Fig. 5, B and C) .
DISCUSSION
NBCe2 deficiency and dRTA. The Slc4a5 gene encodes NBCe2; its expression has been identified in the choroid plexus (20) , liver (1), and kidney (47) . Electrophysiological studies have shown that NBCe2 mediates Na ϩ -HCO 3 Ϫ transport with a 1:2 or 1:3 stoichiometry and plays an important role in intracellular pH regulation (35, 40) . NBCe2 is localized in the distal nephron (11, 15) , and NBCe2 KO mice exhibit decreased plasma HCO 3 Ϫ concentration and increased urinary HCO 3 Ϫ excretion. These findings are consistent with the notion that NBCe2 plays an important role in acid/base regulation in the renal distal tubule. The detailed mechanism of the role of NBCe2 in acid/base transport is still not clear. However, a previous study (15) has suggested that the increased urinary HCO 3 Ϫ wasting in NBCe2 KO mice may be caused by upregulation of pendrin in intercalated cells.
Plasma HCO 3 Ϫ concentrations were not significantly different between WT and NBCe2 KO mice when they consumed the standard diet. This result is different from the original study (15) on NBCe2, which described a small decrease in NBCe2 KO mice compared with WT mice. The difference between studies is most likely due to genetic strain differences. NBCe2 KO mice were back-crossed for six generations in the present study, whereas the mice were back-crossed for two generations in the original study.
We expected lower PCO 2 values in NBCe2 KO mice, as the breathing rate should be stimulated by increased chemoreceptor activity to compensate for the metabolic acidosis. However, PCO 2 values of both acid-loaded WT and NBCe2 KO mice were in the normal range. We suspect that the PCO 2 values were higher than expected because anesthesia causes transient respiratory suppression with PCO 2 elevation during the death of the mice. It is also notable that regular rodent chow provides a dietary alkali load (26) . However, a typical Western diet provides a net acid load, due to the high protein content, and produces acidic urine. Increased protein intake is correlated with enhanced urinary acid excretion (23, 33) . Thus, we propose that NBCe2 is unnecessary in renal acidification when the diet is alkaline but becomes essential to acidifying the urine and maintaining plasma pH in the context of a dietary acid load. Acid dietary loading, which simulates the human Western diet, would maximize NBCe2 function. A subject with deficient NBCe2 may develop dRTA after acid loading. . In the present study, we found that acid-loaded NBCe2 KO mice developed hypokalemia, hyperkaliuria, and hypercalciuria together with renal tubular metabolic acidosis. These features fully resemble typical dRTA in humans. To further explore the possible mechanisms, we found that V te in the CNT of NBCe2 KO mice was significantly lower than WT mice. This explains the increased urinary K ϩ and Ca 2ϩ wasting in NBCe2 KO mice with acid loading. Our very latest study (46) showed that the decreased V te in the CNT of NBCe2 KO mice was mostly due to increased activity of the epithelial Na ϩ channel (ENaC). Exactly how NBCe2 regulates ENaC needs further investigation. We propose that, like the electoneutral Na ϩ -HCO 3 Ϫ cotransporter (NBCn1) in the thick ascending limb (31), NBCe2 protein should localize in the basolateral membrane of principle cells and mediate Na ϩ /2HCO 3 Ϫ influx during acidosis to buffer cellular pH. The NBCe2-mediated Na ϩ uptake would increase the intracellular Na ϩ concentration in principal cells and thus subsequently inhibit ENaC-mediated Na ϩ reabsorption. The electrogenicity of NBCe2 would also hyperpolarize the cell and decrease the driving force for K ϩ secretion via renal outer medullary K ϩ channels and inhibit the driving force and activity of large-conductance channels at the apical membrane.
Although we found increased Ca 2ϩ excretion in acid-loaded NBCe2 KO mice, we did not determine pathophysiological consequences of Ca 2ϩ loss. Because NBCe2 KO mice did not exhibit dRTA and hypercalciuria until acid loading, we did not expect low bone density with short-term acid loading. In acid-loaded NBCe2 KO mice, we also found increased H ϩ -ATPase B1 expression in the apical membrane, probably as a compensatory mechanism to maintain plasma pH in the absence of NBCe2.
Summary and conclusions. Genetic studies in humans have
shown that mutations in the SLC4A5 gene are associated with hypertension (2, 7, 18) . Targeted disruption of NBCe2 in mice also results in hypertension (15) or neurological dysfunction (20) . These studies suggest that NBCe2 plays an important role in various other biological functions. Our present study demonstrated that NBCe2 is required for maximal urinary acidification and that a deficiency in NBCe2 causes dRTA in mice. Further human genetic and physiological studies would be necessary to identify the role of SLC4A5/NBCe2 in dRTA.
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